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[1] Serpentinized peridotite and gabbronorite represent the host rocks to the active, ultramafic-hosted Logatchev hydrothermal field at the Mid-Atlantic Ridge. We use trace element, d
18 O and 87 Sr/ 86 Sr data from bulk rock samples and mineral separates in order to constrain the controls on the geochemical budget within the Logatchev hydrothermal system. The trace element data of serpentinized peridotite show strong compositional variations indicating a range of processes. Some peridotites experienced geochemical modifications associated with melt-rock interaction processes prior to serpentinization, which resulted in positive correlations of increasing high field strength element (HFSE) concentrations and light rare earth element (LREE) contents. Other serpentinites and lizardite mineral separates are enriched in LREE, lacking a correlation with HFSE due to interaction with high-temperature, black-smoker type fluids. The enrichment of serpentinites and lizardite separates in trace elements, as well as locally developed negative Ce-anomalies, indicate that interaction with low-T ambient seawater is another important process in the Logatchev hydrothermal system. Hence, mixing of high-T hydrothermal fluids during serpentinization and/or re-equilibration of O-isotope signatures during subsequent low-T alteration is required to explain the trace element and d
18 O temperature
Introduction
[2] The production of new oceanic crust at midocean ridges drives hydrothermal circulation, which is important for Earth's heat budget [Stein and Stein, 1994] and the chemical composition of the oceans [Edmond et al., 1979a [Edmond et al., , 1979b Alt, 1995; Vils et al., 2008] . Along slow-spreading ridges, like the Mid Atlantic Ridge (MAR) there are pronounced variations in the rate of magma production. Commonly, the portions of ridge segments proximal to fracture zones are magma-starved causing thinned crust and the development of prominent extensional faulting. The development of large scale detachment faults leads to significant cooling of the crust [Tucholke and Lin, 1994] and to exposure of mantle peridotites on the seafloor. This process is particularly common at ridges with spreading rates <20 mm a À1 , which account for about 1/3 of the global 55,000 km long ocean ridge systems [Dick et al., 2003 [Dick et al., , 2008 Mével, 2003; Smith et al., 2008; Michael et al., 2003] .
[3] Hence, ultramafic rocks are an important component of the oceanic lithosphere along slow-and ultra-slow spreading ridges (e.g., MAR, Gakkel Ridge, southwest Indian Ridge). Geochemical, isotopic and textural investigations show that the petrological evolution of depleted mantle domains during ascent in the ridge axis environment includes processes such as melt segregation and channeling, shearing due to mantle flow, refertilization during melt-rock interaction and emplacement of gabbro bodies at various scales [e.g., Dilek et al., 2000] . Furthermore, abyssal peridotites are generally serpentinized as a result of fluid-rock interaction that may occur over a wide range of temperature conditions (from 350 to 400 C to ambient seawater temperatures of about 3 C) and influences the physical properties and chemical composition of the oceanic lithosphere [Dick, 1989; Humphris et al., 2003; Bach et al., 2004; Snow and Dick, 1995] . [4] In this study, we present data from the active ultramafic-hosted Logatchev hydrothermal field (LHF) which is located at a slow-spreading segment of the MAR south of the 15 20′ Fracture Zone (Figure 1 ). This area is characterized by extensive seafloor exposures of lower crust and upper mantle rocks [Cannat et al., 1992 [Cannat et al., , 1997 Rona et al., 1987; Bach et al., 2004; Kelemen et al., 2007] . The LHF is located at 14 45′N, 44 59′W on the eastern flank of the rift valley walls and was discovered in 1993 [Batuyev et al., 1994] . General features of this hydrothermal field are described by Cherkashev et al. [2000] and others [Bogdanov et al., 2004; Gablina et al., 2000; Gebruk et al., 2000] . Petersen et al. [2009] [5] The principal aims of our research are to elucidate the controlling factors on the geochemical budget of the host-rocks to the LHF, the conditions of fluid/rock reactions, the compositional effects of hydrothermal alteration, and the relative influence of ambient seawater and hydrothermal fluids in the near-seafloor environment. In order to address these questions we present trace element geochemical data, 87 Sr/ 86 Sr and d 18 O analyses of bulk rock serpentinite and gabbro samples as well as analyses of mineral separates (lizardite, chlorite, and talc).
Geological Setting, Hydrothermal
Activity and Alteration at the Logatchev Hydrothermal Field [6] The MAR segment adjacent to the 15 20′ Fracture Zone is characterized by abundant faulting which led to the development of a deep rift valley (>4300 m) flanked by highly segmented walls [Escartín and Cannat, 1999; Fujiwara et al., 2003] . There are abundant outcrops of serpentinite and gabbroic rocks on the eastern and western walls of the ridge axis as well as on the rift valley floor [Petersen et al., 2009] . Volcanic rocks are restricted to local occurrences of pillow basalt lava flows [Petersen et al., 2009] . [7] The LHF is located on a plateau right below a 350 m high cliff between 3060 m and 2910 m water depth (14 45′N, 44 58′W) on the eastern rift valley flank ca. 7 km away from the ridge axis (Figure 1) . Here, N-S and WNW-ESE striking faults generate a blocky and irregular, terrace-like topography [Petersen et al., 2009] . Two pillow volcanoes were identified at 2 km west and 5 km south of the LHF.
[8] Recent mapping of the LHF showed that hydrothermal activity is present in an 800 m long, NW-SE striking zone [Petersen et al., 2009] (Figure 1 ). Two distinctive types of structures with high-temperature hydrothermal discharge can be distinguished: (1) black smoker type vents with fluid temperatures up to 330 C (Barad-Dûr, Site "A," IRINA II) and (2) so-called "smoking craters" with fluid temperatures up to 360 C where hot hydrothermal fluids are discharging from local depressions (sites Anna-Louise, Candelabra, Irina, Site "B" and Quest [Petersen et al., 2009] ). In addition, there are sites of diffuse hydrothermal discharge (Site "F" and at the base of Irina II). Endmember compositions of the LHF hydrothermal fluids are characterized by very high concentrations of dissolved methane and hydrogen (up to 3.5 mM and 19 mM, respectively) which relate to subsurface serpentinization processes [Douville et al., 2002; Schmidt et al., 2007] . Elevated sub-seafloor temperatures of up to >100 C have been detected immediately below hydrothermal crusts during TV grab sampling in the vicinity of the Irina II black smoker structure (Figure 1 ).
[9] Based on extensive seafloor observations by camera tows, ROV diving and TV-guided grab sampling it has been established, that the seafloor surrounding the Logatchev vent sites is mainly characterized by pelagic sediment-covered talus of serpentinized peridotite and gabbroic rocks with relative proportions of about 80:20 [Petersen et al., 2009] . Close to the vent sites the sediments are generally hydrothermally altered, covered by hydrothermal crusts and contain highly altered rocks, sulfides, and secondary clay minerals.
[10] The ultramafic rocks in the LHF area are dunites (90-100% serpentinization) and harzburgites (80 to 90% serpentinization [Augustin et al., 2008; Petersen et al., 2009] ). Relics of coarse orthopyroxene are common in serpentinized harzburgite whereas relics of olivine are rare. Lizardite is the predominant serpentine polymorph with occurrences of chrysotile largely restricted to some veins ( [Augustin et al., 2008] X-ray diffraction analysis). Magnetite occurs as fine grains in the matrix or along grain boundaries.
[11] Early talc-tremolite alteration was predicted in thermodynamic models in the work of Klein et al. [2009] . The latter paper describes talc-tremolite alteration of opx in peridotite with fresh olivine and infers alteration temperatures of >350-400 C. Augustin et al. [2008] adopted that interpretation. [12] In contrast to samples recovered from other sites in the 15 20′N area by scientific drilling [Kelemen et al., 2007; Bach et al., 2004 Bach et al., , 2006 all serpentinite samples from the LHF are devoid of brucite. This, however, is a common phenomenon in abyssal peridotite sampled directly from the seafloor and could be a result of destabilization of brucite in the ambient seawater environment ("seafloor weathering" [Snow and Dick, 1995] ). [Petersen et al., 2009] . Commonly, hydrothermal alteration is restricted to replacement of pyroxene crystals by chlorite and finely dispersed sulfides. The XRD spectra of chlorite separates show that clinochlore is dominant and locally accompanied by corrensite ( [Augustin et al., 2008] X-ray diffraction analysis).
[14] Petrographic observations show sharp contacts between gabbronorite and serpentinites where the serpentine minerals are completely replaced by talc [Augustin et al., 2008; Petersen et al., 2009] . In these cases, SiO 2 (aq) released from gabbro during fluid/rock interaction is probably responsible for the transformation of serpentinite to talc rock. Such a scenario is consistent with models suggested for talc alteration of serpentinites at ODP Site 1268 (ODP Leg 209) which involves mobilization of pore water in serpentinites in secondary circulation cells as a consequence of shallow gabbro emplacement [Barnes et al., 2009] .
Sample Material and Methods

Samples and Mineral Separation
[15] Samples for this study were obtained from 8 stations located in the immediate vicinity of black smokers and smoking craters whereas one station (239-GTV) is relatively remote at 300 m to the NE of the LHF ( Figure 1 and Table 1 ). All samples where obtained by TV-guided grab equipment (GTV) except for one station sampled by a Remotely Operated Vehicle (ROV; Table 1 ). Two of the TV grab samples retained elevated temperatures during transit through the water column and T = 105 C (35 GTV) and T = 43 C (250 GTV) were measured on deck. At these stations, hydrothermal crusts, acting as seals to the sub-seafloor hydrothermal system, were mechanically penetrated. A quartz fragment from such a crust at site 250 GTV was included in this study for d
18 O thermometry. [16] In general, the sampled seafloor material consists of a mixture of brownish to gray pelagic sediment with large amounts of foraminifer shells together with fragments of serpentinized peridotite and gabbronorite in variable proportions. The materials analyzed are bulk rock samples and separates of lizardite from serpentinites and chlorite from gabbronorites. Furthermore, one monomineralic talc rock (239-4A) and one talc separate from [17] During the first step of mineral separation, a fine grain size fraction (<63 mm) was obtained from the sediment samples (35-11A and 239-4B) by wet sieving. The rock samples were ground gently in a mortar in order to generate fine material suitable for separating a < 63 mm grain size fraction. Subsequent grain size separation into silt (2-63 mm) and clay fraction (<2 mm) was performed according to Stokes´law by settling the particles in water filled cylinders [Moore and Reynolds, 1989] . The composition of the <2 mm separates was determined by X-ray diffraction (XRD) analysis and the monomineralic composition confirmed at the level of XRD precision at a detection limit for accessory phases of about 3% [Augustin et al., 2008] .
Geochemical Analyses
[18] Geochemical analyses were performed on serpentinized peridotite (n = 11), gabbronorite (n = 6), lizardite separates (n = 6), chlorite separates (n = 3) and 2 talc samples (monomineralic bulk rock sample 239-4A and talc mineral separate from sample 239-4B; Table 1 ). In total, 28 trace element analyses were performed by ICP-MS using a VG Plasma-Quad PQ1 at the Institute of Geosciences of the University of Kiel and a Finnigan MAT Element 2 double-focusing, single collector ICP-MS at the Department of Geosciences of the University of Bremen, Germany (Table 2) .
[19] The samples were dissolved by performing a pressurized HF-HCl-HNO 3 -aqua regia attack [Garbe-Schönberg, 1993] . The bulk rock samples were subjected to high-pressure conditions for 48 h at 200 C during this dissolution stage in order to dissolve refractory phases (e.g., spinel) quantitatively. Analyses of duplicates return consistent results with reproducibilities mostly better than 5%. The accuracy of the analyses was monitored using international rock standards AGV-1 (andesite), BHVO-1, BHVO-2 and BIR-1 (basalts), JR-1 (rhyolite) and UB-N (serpentinite) [Govindaraju, 1994; Jochum et al., 2005 values are within <5% of the recommended values for UB-N (serpentinite), BHVO-2 and BIR-1 (basalts). Higher deviations in some elements (Cr, Rb, Eu) were noted for AVG-1 (andesite; Cr: 16-25%; Eu: 16%), BHVO-1 (basalt, Rb: 14-18%), and JR-1 (rhyolite, Cr: 16-25%; Rb: 14-18%). The origin of these deviations is unclear but we consider that they have no significant impact on the interpretation of our results.
3.2.1. 87 Sr/ 86 Sr Analyses [20] The Sr isotope ratios were measured for 4 bulk rock samples (2 serpentinized peridotite, 2 gabbronorites) and 9 mineral separates (5 lizardite, 2 chlorite, 2 talc) at the Geomar in Kiel (thermal ionization mass spectrometry, ThermoFinnigan TRITON; Table 3 ). Standard chemical separation (Sr-Spec; 50-100 mesh; 0.6 ml) and measurement procedures were applied [White and Patchett, 1984] . Blanks were less than 1‰ of the total sample amount and therefore negligible. During the course of the analyses seven individual measurements of the NBS 987 standard were obtained yielding an Sr-isotopic ratio of 0.71024. In addition, six individual measurements of the IAPSO standard seawater yielded a Sr-isotopic ratio of 0.70918 [Palmer and Edmond, 1989] .
d 18 O Analyses
[21] Oxygen isotope analyses have been obtained from 4 lizardite separates, 1 chlorite separate, 1 talc sample and a quartz fragment (Table 3 ). Prior to the isotope analysis, any potentially present Fe-and Mn-oxides were removed following procedures outlined by Mehra and Jackson [1958] . Oxygen was extracted from the silicates using the ClF 3 method. The samples were transferred to nickel reaction vessels and heated under vacuum for 2 h at 150 C. All samples were then reacted with ClF 3 at 600 C for 12 h. Oxygen was quantitatively converted to CO 2 which then was analyzed in a Finnigan MAT 251 stable isotope mass spectrometer at the Geomar in Kiel. Oxygen isotope ratios are expressed in the conventional ∂-notation as deviation in ‰ from VSMOW (Vienna Standard Mean Ocean Water). The analytical error of oxygen isotope analyses was determined to be AE 0.2‰. [22] For the calculation of formation temperatures the formulas and fractionation coefficients from Zheng [1993] 
Results
Trace Element and Rare Earth Element Data
[23] The trace element compositions of serpentinized peridotite are highly variable and primitive mantlenormalized values range over several orders of [24] The data for lizardite separates follow the same trends as the serpentinized peridotite data with particularly strong enrichments in elements indicating hydrothermal alteration such as Ba, U, Pb, Cu, and Zn (Figure 2b ). The REE patterns are also characterized by flat shapes with some samples showing positive Eu anomalies. The two talc samples analyzed from the remote site 239 are also similar in their trace element characteristics to the LHF serpentinized peridotite. However, they show marked differences in REE pattern. The talc separate from sediment has a pattern similar to the lizardite separates except for a strongly developed negative Ce anomaly (Figure 2b ). In contrast, the talc rock sample has very low REE concentrations and its REE pattern overlaps with the pattern for LHF black smoker fluid.
[25] These variations in geochemical compositions indicate that the peridotite host rock to the LHF experienced compositional modifications under diverse conditions. Evidence for melt-rock interaction, hydrothermal alteration and interaction with ambient seawater will be examined in Section 5. [26] In contrast, the trace element patterns of gabbronorites are less heterogeneous and characterized by elevated U, Tl, Sr and Li as well as low Cr and Ni (Figure 2c ). In addition, two samples show elevated Cu and Zn. All other trace elements indicate only slight enrichment and/or depletion in their concentration compared to primitive mantle. The REE pattern for gabbro samples are flat with minor positive Eu anomalies. The chlorite separates show similar patterns but have minor negative Eu anomalies (Figure 2c ).
Isotopic Composition
[27] Strontium and oxygen isotopic composition of bulk rock samples and clay mineral separates have been determined (Table 3 (Table 3) . Therefore Lizardites in the vicinity of the LHF reveal formation temperatures of 128-172 C, whereas the low temperature end is calculated with the influence of only pore waters and the high temperature has been calculated for a formation under the influence of hydrothermal fluid. One chlorite (35GTV-4A) separate shows higher precipitation temperatures of 212-237 C. Both, the talc sample 239GTV-4A and the quartz fragment 250GTV-5 give calculated formation temperatures of 200 to ≈230 C.
Discussion
Geochemical Fingerprints of Melt/ Rock Interaction in the LHF Subsurface
[30] Geochemical, isotopic and mineralogical traces of melt/rock interaction processes are a common phenomenon in peridotite and have been studied from marine samples and ophiolitic successions [e.g., Godard et al., 1995; Seyler and Bonatti, 1997; Batanova et al., 1998; Piccardo et al., 2003] . Evidence of such processes in the MAR segment adjacent to the 15 20′ Fracture Zone has been presented previously [Godard et al., 2008; Seyler et al., 2007; Suhr et al., 2008; Paulick et al., 2006] . Trace element data from the LHF serpentinized peridotite indicate that the geochemical fingerprints of melt/ rock interaction can be preserved even in intensely altered ultramafic rocks.
[31] A characteristic geochemical feature related to the reaction of percolating melt with surrounding peridotite is the concordant increase of REE and high-field strength element (HFSE; e.g., Zr, Hf, Nb, and Ta) concentrations in bulk-rock peridotite samples [e.g., Niu, 2004] . This is due to the fact that REE and HFSE have similar solubility in mafic melts and this signature is transferred to the peridotite. In contrast, under seafloor hydrothermal conditions, HFSE are highly immobile due to low solubilities in aqueous solutions.
[32] The trace element compositions of serpentinized peridotite from the LHF show enrichments in HFSE (Figure 2) . Furthermore, Figure 3 shows that there are positive correlations of La with HFSE indicating that REE and HFSE were incorporated into the peridotite by a common process. This indicates that the geochemical composition of the LHF peridotite host rock was already modified prior to fluid/rock interaction due to interaction with percolating melts.
High-Temperature Hydrothermal Alteration and Interaction With Ambient Seawater
[33] The trace element composition of the LHF samples show evidence for both alteration at low temperature conditions and interaction with hightemperature black smoker type fluids. The most prominent indication for high-temperature fluid/ rock interaction can be deduced from the Cu and Zn data.
[34] The vent fluids at the LHF are highly enriched in the trace metals Cu (2800 ppb) and Zn (2350 ppb) compared to seawater (0.2 ppb and 18.3 ppb, respectively [Schmidt et al., 2007] ). This type of enrichment is a common characteristic for black smoker type hydrothermal fluids and is generally attributed to base metal leaching at depth [e.g., Seewald and Seyfried, 1990] . [35] Most of the LHF serpentinites also show highly elevated Cu and Zn concentrations (up to $2.7 wt% and $0.2 wt% respectively) compared to least altered mantle peridotite (Table 2 and Figure 2 ).
[36] Several features in the trace element data indicate serpentinite interaction with ambient seawater under low-T conditions. Fresh peridotites have low Sr contents and can easily be influenced by seawater Sr, so the locally high values of Sr and, to a minor extent, Rb (Figure 2 ) are best interpreted as the result of low-temperature seawater alteration since Hart et al. [1974] showed that Rb and Sr are readily supplied by seawater and easily incorporated into, or absorbed on, secondary clay minerals or carbonates. This could also be the most likely interpretation of the elevated Ba contents in the serpentinites and lizardites even though LHF black smoker fluids are somewhat enriched in Ba [Douville et al., 2002] . Similarly, low temperature alteration is also reflected by the addition of U and Pb to the LHF samples. Such increased U and Pb concentrations are known from oxidatively altered rocks of the ocean crust penetrated by ODP drill hole 504B [Bach et al., 2003] and seawater-altered basalts [Verma, 1992] .
Hydrothermal Controls on Rare Earth Element Variations
[37] It has been shown by previous studies that LREE and Eu may be added during the serpentinization of peridotites when fluid/rock ratios are high and hot, black smoker type fluids are involved ("fluid-dominated serpentinization" of Paulick et al. [2006] ). This is in accordance with findings of previous investigations regarding REE mobility [Ludden and Thompson, 1979; Humphris and Thompson, 1983; Poitrasson et al., 1995; Négrel et al., 2000] . The mobility of LREE and the development of Eu-anomalies may provide evidence regarding the proportions of the fluid end-members during hydrothermal alteration [Allen and Seyfried, 2005; Bau, 1991; Delacour et al., 2008] [38] The LHF serpentinite samples and lizardite separates have flat to slightly U-shaped REE patterns and commonly show positive Eu anomalies. The hydrothermal vent fluids discharging at the LHF show strongly increased LREE (La N /Lu N $ 39.0) with a strong positive Eu anomaly (Eu N / Eu* N $ 35.0, Figure 4 [Schmidt et al., 2007] ). Bau [1991] for fluid rock interaction under neutral to mildly basic conditions in more reducing environments [Ludden and Thompson, 1979; Bau, 1991] .
[39] Figure 4 illustrates the variation of La N /Lu N in relation to Eu N /Eu* N of serpentinite samples and lizardite separates. The La N /Lu N values (range 0.2-5.9, average 1.4) show no correlation with Eu N /Eu* N . This suggests a decoupling of these two parameters and, likely, the La N /Lu N values are predominantly controlled by melt-rock interaction processes as discussed above.
[40] However, the range of Eu N /Eu* N ratios observed for the samples is large and includes values similar to seawater and values similar to the hydrothermal LHF fluid (Figure 4 ). We infer that samples showing strong positive Eu anomalies were affected most by high temperature hydrothermal alteration. The sample with the highest Eu N /Eu* N value (25.8, sample 35-1F), was obtained from the immediate vicinity of the black smoker complex IRINA II. This is consistent with our interpretation of a strong hydrothermal overprint.
[41] The large range of the Eu anomalies probably reflects the varying physico-chemical conditions in the Logatchev hydrothermal system which include fluid-cooling processes and mixing with seawater in various proportions in the shallow sub-seafloor environment beneath hydrothermal crusts or in sediment covered aquifers. End-member samples with Eu N /Eu* N values <1 are interpreted to reflect alteration conditions dominated by ambient seawater-like fluids.
Talc Alteration
[42] Talc samples have been obtained from the TV-grab station 239 at a distance of ca. 300 m from the LHF. Monomineralic talc rocks in ocean floor settings are uncommon but have been previously reported [e.g., Bach et al., 2004; D'Orazio et al., 2004; Boschi et al., 2006] . Since talc has no preferences for Eu 2+ nor discriminates against Ce 4+ [D'Orazio et al., 2004] it can be inferred that the presence of Eu and Ce anomalies in the REE pattern of the two analyzed talc samples are probably inherited from the precursor mineral phases or the fluid phase involved in talc formation.
[43] The two talc samples from TV-grab station 239 have significantly different REE patterns: [44] 1. The talc rock (sample 239-4A) has low REE concentrations and a REE pattern very similar to that of the Logatchev hydrothermal fluid, indicating a strong influence of hot vent fluids. A formation temperature of $230 C is indicated by the oxygen isotope data (Table 3) .
[45] 2. The second talc sample (239-4B; separate from talc-rich mud) shows a flat, REE enriched pattern with a pronounced negative Ce-anomaly. This is comparable to some bulk rock serpentinite samples. Potentially, this talc sample may originate from Si-metasomatism of serpentinite with limited modification to REE systematics.
[46] Alt et al. [2007] used S isotopes (combined with O isotopes) to indicate the same process for Leg 209 talc-serpentine. Based on a Cl-O-H isotope investigation, Barnes et al. [2009] inferred that talc alteration support the interpretation of serpentinite was associated with the emplacement of gabbro into serpentinized peridotite lithosphere. A similar scenario at Logatchev would be consistent with the comparatively SiO 2 rich composition of Logatchev hydrothermal vent fluids which suggest fluid/gabbro interaction at depth [Douville et al., 2002; Schmidt et al., 2007] . We infer that talc alteration of serpentinite at site 239 was due to interaction with Si-rich fluids, which previously interacted with gabbroic rocks. The talc separate from sediment has a negative Ce anomaly and elevated Li and Pb contents, which indicate that substantial interaction with low-T ambient seawater, modified the trace element composition of this sample.
5.5.
87/86 Sr Ratios [47] The strontium isotope data provide important constraints on fluid rock interaction processes and fluid composition [Bickle and Teagle, 1992; Kimball and Gerlach, 1986; Lackschewitz et al., 2004; Teagle et al., 1998 ]. Figure 5 Sr ratios (up to 0.7096). This feature is difficult to explain since the Sr isotope composition of seawater shows no significant variability in recent deep seawaters [Faure et al., 1965; Hamilton, 1966; Palmer and Edmond, 1989; Rama Murthy and Beiser, 1968; Frank, 2002] and an increase of the radiogenic 87 Sr by Figure 5 . The 87 Sr/ 86 Sr ratios of serpentinite and mineral separates (lizardite, chlorite, and talc) are similar to the value for seawater. The LHF black smoker fluids are considerably less radiogenic [Amini, 2007] Sr ratios of up to 0.739 [Dasch et al., 1966; Rama Murthy and Beiser, 1968] . In addition a presence of small amounts of continental crust-derived clay could rise 87 Sr/ 86 Sr ratios [Snow et al., 1993] . In this scenario, the variation in 87 Sr/ 86 Sr values of the lizardite separates could be an indication of small-scale exchange processes under low-T conditions. This is consistent with their strongly elevated Sr concentrations, which are interpreted as fingerprints of alteration processes dominated by ambient seawater.
[48] Interestingly, bulk rock serpentinite samples (33-12 and 77-1A; Sr fractionation due to clay-sized crystal grain sizes may also play a role which has been previously observed for Sr isotopes [Eisenhauer et al., 1999] , where different grain sizes display differences in measured isotope ratios. This differences can be explained by crystal growth mechanisms and surface energy effects of nanoscale crystals [Williams and Hervig, 2005] . However, the serpentines grew at high temperatures (130-170 C) from a fluid that very likely had 87 Sr/ 86 Sr ratios much lower than modern seawater, which suggests that growth mechanisms seem to be unlikely. In addition, Watson [2004] demonstrated that crystal surfaces may have different isotopic signatures than the bulk crystal, which point to surface energy effects of nanoscale crystals as described by Williams and Hervig [2005] . Hence, a combination of different factors are probably influence the elevated 87 Sr/ 86 Sr signature of the lizardite separates compared to bulk rock serpentinite samples and seawater.
[49] Least altered gabbronorites (LOI < 1.6) reveal substantially lower 87 Sr/ 86 Sr ratios (0.70290 to 0.70291) than the bulk rock serpentinite samples (0.70874 to 0.70907). The values of the gabbronorites are close to the 87 Sr/ 86 Sr ratio of the endmember hydrothermal fluid at Logatchev (0.7037 [Amini et al., 2008] ), which is consistent with the interpretation that these fluids interacted with gabbronorite prior to and/or during ascent in the Logatchev hydrothermal system. [50] In general, Sr-isotopic data may also be regarded as a tracer for the evolution of circulating fluids (starting composition in the recharge zone: 87 Sr/ 86 Sr 0.7092) during their passage through and reaction with the oceanic crustal rocks ( 87 Sr/ 86 Sr of mafic rocks are ≤ 0.703). Thus, Sr isotope characteristics of the evolved hydrothermal fluid, discharging at the seafloor can provide a measure of the degree of interaction of seawater with the crust [Alt et al., 1996; Delacour et al., 2008] . The Sr isotope composition of Logatchev end-member fluid (0.7037 [Amini et al., 2008] ) is somewhat higher than the 87 Sr/ 86 Sr of gabbronorites (0.70290 and 0.70291). This maybe interpreted as an indication that interaction with serpentinized peridotites also played a role in the evolution of fluid composition. This is consistent with the volumetrically predominance of serpentinite in the sample suite from the LHF.
Conclusions
[51] Trace element and Sr-O isotope data indicate that the host rocks of the Logatchev hydrothermal system experienced a variety of processes leading to compositional modifications ranging from meltrock interaction to variable styles of hydrothermal alteration. These processes are conceptually illustrated in Figure 6 and can be summarized as follows:
[52] 1. Mafic magma played an important role in the evolution of the LHF host rock succession. It is inferred that mafic melts migrated through the ultramafic mantle rocks leaving geochemical fingerprints in their trace element composition. Localized occurrences of talc alteration show that Si metasomatism overprints serpentinization and reflects the evolution of the hydrothermal system as well as the influence of gabbro intrusion at depth.
[53] 2. Isotopic and geochemical evidences indicate that hydrothermal alteration at Logatchev took place under variable water/rock ratios, fluid mixing, and temperature.
[54] 3. Interaction of peridotite with hot, black smoker-type fluids is indicated by substantial positive Eu anomalies, strongly elevated Cu and Zn concentrations and positive correlations of lizardite formation temperature and Cu content.
[55] 4. Mixing of hydrothermal fluids and ambient seawater is taking place in secondary hydrothermal circulation cells in the near seafloor environment. This is evident from the observation of temperatures of up to 105 C in samples recovered from below hydrothermal caprocks in the LHF. In addition, the enrichment of serpentinite and lizardite separates in trace elements such as Sr, Rb, Ba, U, and Pb indicate a considerable degree of interaction with ambient seawater. Consistently, d
18
O formation temperatures of mineral separates (128-237 C) are considerably lower than black smoker fluid exit temperatures (around 350 C), which supports the model of extensive fluid mixing and/or re-equilibration of LHF host rocks with ambient seawater.
